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Detection of Very Weak Transmissions irom Deep Space
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ABSTRACT

Designers of future planctary 1nissions ofte-sreduce spacecraft transmitter power and oscil-
lator stability requirements to decrcase mission cost. Unfortunately, these reductions can make it
impossible to detect weak signals fi om deepy spa ¢ using conventional demodulation  techniques.

Deep space telemetry has, frons the start of the space program, been reccived using cohcrent
tracking techniques. These techniques 1equite the reeciver to coherently recover the downlink
carrier from the received signal. The 1ecoy ery process uses a natrow carrier tracking loop in or-
der to ensurc an adequatce carrier signal-1o-n01s¢ 1tio.

The new Block V receiver being, it istalledm e 1¢¢P Space Net work (DSN) can recover
suppressed carrier signals andcanutilize (3" 1arrow Joop bandwidths as narrow as 0.111z.
Unfortunately, operations at very 1 J ow L soking loop bandwidths are quite sensitive to space-
crafll oscillator stability. 1.ow-costoscillaiors - lanned for future missions can force the use of
wide tracking loop bandwidths, Icading toycduced carrier tracking performance. This reduced
carrier tracking performance can, intwi leadto asignificantincrcascin required spacecraft
transmitter power.

‘1’0 illustrate this point, considcraspucceraliat Mars with a “safe mode™ requiring the trans-
mission of telemetry through a 6 a3 low gainantenna. 11 a 10 1174 tracking loop bandwidth must
be used, @30 W RY transmitter is requin cd toneeeive any telemetry at all ata 70 m Deep Space
Network station when Mars is at its miimum distance from arth. If a1 1 Iz bandwidth can be
used, transmitter power can bereduced to 6 WRY. ‘1 his resultissomewhatindependent of the
data rate, as long asitis -1 () bps orlc s, sinee the power requiretnent is driven by the need to
maintain an adequate carricr SNRyathertharby telemctiy SNR.

‘1 his paper presents the thcory behindg cohior ent detection of very weak signals from deep
space. It then briefly recounts tests characieri zing Bloek V performance withlow cost oscillators
andin two-way coherent operations. 1t corcludas with puidelines formission designers.

INTRODUCTION

From the time of the very first deep space naissions, telccommumications design efforts have fo-
cuscd ona continuing quest for cverlnghicrdati rates fiom ever higher ranges. The capabilities
of the Deep Space Network (IDSN) and ofnew - pacceraithave been constantly growing, lcading,
toan overal increase in high rate ticleinet s e ipability of twelve orders of magnitude from the
carly Pioncers to the upcoming Cassinispucecti 1.

More recently, @a new trend is emeiging  Inthis cra of “better, faster, cheaper” missions, de-
signers arc finding that they can tolerste fo we: data rates whbi lestil L1et inning adequate science
data to justify their missions. The Galilea proyctis demonstrating thatimportant science objee-




tives can be achicved even with a verylow datsrate by being, very selective about which data to
return and by using data compression.

Galilco has a 4.8 m unfurlable iph Gain Antenna (HGA) that did not open properly after
launch, rendering it useless. Galilco has had to make do with its S-band 1 .ow Gain Antenna
(1 .GiA) for dl telemetry, reducing the planicd data rate by five orders of magnitude. Yet this
mission is still expected to meet 7 0% of it~ 1nis-1on objectives,

New missions arc doing everything they canto deercase costs. They generally plan to ac-
complish this, in par(, by reducing spac ccralisize. However, three eritical telemetry parameters
depend on spacecraft sizc:antennaapciure, solararay aperture, and radiator aperture. De-
creasing spacecrafl size generally resulis i Jow o transmitter power and lower antenna size. To
make matlers worse, few new missions arc considering the use  ofllIitm-Stable Oscillators, which
make it casicrto receive weak sipnals. 1 heirdiiving telemetry performance  requirements fre-
quently come not from meeting the maxiniwhditarate 11 rough an 11GA, but from the need to be
able to rcccive any data a all from alow power transmitier and anl.GA over a wide range of
spacecrafl attitudes a maximum rangc fromncariin,

‘1’able Ishows the maximum rangc atwhich cach of anumber of deep space missions are re-
quired to send telemetry 1o Harth through theitlow gain antenna s. 1t caleulates the EIRP of cach
and the Power Flux Density (PEFD)Y received fiom each spacecraft at the surface of the carth. All
numbers arc at X-band except Galilco.Notethit PT' 1D at maximuim range has remarkably little

variation between most of these missions. il
Mission I - Oscillator

) 04 Range, AU| dBW/m2
Magellan . MO Aux Osc
Mars Observer SV EEEECEENE B O 2.67 . MO Aux Osc
Galileo S-Band o| I | 2330 U0
NEAR 6.0 _. _3 > 2366 |Cassini Aux Osc
Mars Pathfinder R 1.5 2721 | Cassini Aux Osc
Mars '96 Orbiter 190 24 | 2281 MO AuxOsc
Cassini 26.5 10 -234.0 uso
NM DS1 116 | 25 | 2308 | sDSTAuxOsc
Mars '98 Orbiter 213 267 | -221.8 |Cassini Aux Osc
Mars '98 Lander - 213 1.9 718._8 Cassini Aux Osc
Solar Probe 25| 6 | 237.6 | SDSTAuxOsc
Pluto Express 2 8.0 _ 2 -23?.5 | SDST Aux Osc

PRSI op—

Table 1. TransmitP’erformance through L GAs




DEEP SPACE N ETWORK

TheDeep space NCI\NO]‘k](7()11.\‘iS|,\])j‘ incipally of three complexes of large antennas near
Canberra, Australia; Madrid, Spain:andinthic hiojave desert of California. These antennas were
designed and built to communicate with sp acee aftin deep space. 1 ach DSN complex will have
onc 70 m antenna and two or more 34 nl antennsin 2001, X-band receive performance of these
antennas is summarizedin Table 2 below for 2t)" elevation angle. Gain Gincludes circuit and
pointing losscs; temperature 1 includes weathe e | eets (95% weather).

1)SNantennas at Goldstone cair be ariaycd forbrief periods of timie; gencrally, the combined
G/T of the arrayed antennas iS equa o the addivve G/ Tess 0.2 dB combining, 10ss.

B1.0CK V RECEIVER

‘The new digital receiver of the ISN the | 3eck-V Receeiver, offers a great deal more flexibil-
ity than the analog, rcceivers whichiticplices. Mostithiportantly, this new receiver offers the
prospeet of using very small carricrsy nchronnization loop bandwidths, This has been made pos-
sible by the closing of the phase-lcwked Joop aficrdigitization within an intermediate- frequency
stage. ‘1'bus, theloop is entirely digitalits parameters are numeric, andloop stability is much
Jess Of a problem. Figurc1 is a diagram of the Block-V Receiver. At the front of the receiver
arc multiple stages of analog downconversion. i he hardwar € used within these stages depends
on the band in which the downlink is opcrating  The 1.ocal Oscillators (1,.(.).) remain at a con-
stant sctting for the duration of atracking pass.  1he (llan!lcl-select synthesi zer 1s adjusted before
the beginning of a pass to avaue appropnate forthe channel (within the band) of the incoming
downlink signal. "The anti -aliasing filtciis aniccessar y precursor to sampling, and the: Automatic
Gain Control (AGC) is a necessaty precu sor 1o quantization,  Carrier, subcarrier and symbol
synchronization arc al performed d igitally wi thinwe digital demodulator. The output of the re-
ceiver is a stream of soft-quantized symbals, suitable for input to a Viterbi decoder. Binary
Phase-Shift Keyed (BPSK) telemctry of both the residual carricr and suppressed carrier type are
supported.

SYSTEM ANALYSIS

The minimum Power Flux Density (1)1’ 1) thatisrequired al thereceiver in order 10 sup-

port tclemetry of a given bit rate is estinutedin this section. Forthe aperture antennas of  the

DSN, the PFD at tbc antenna is related to thie tot:Ireccived signal power to noise spectral density
ratio 1. /N, by

I @rnAan,
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where Ais the projected area of the antcima onto a plane that is per pendicular to the antenna
boresight, 77, is the antenna cfficicney, 7 i~ the seeeiving system noise temperature referenced to
the antenna feed, and & is the Boltzman i constan(. 1.3806 22 107 W/(1H7-K). In decibel units,
the Boltzmann constant is -228.6 dABWATi7 Ky, Equation (1) assumes that the antenna is cor-
rectly pointed and that tbc incoming sig niliscitculaily polarized to match the antenna. The
DSN antennas are ordinarily characterized by antentia pain (5, rather than by Aandn ; these
guantities arc related by

Ani’ e

G 2

where fis frequency and ¢ is the speed of hphtin vacuum. 1 he substitation of equation (2) in
cquation (1) yields the more convenient CXPHess on
r, (/1) (P11)

1Sk ®)

A

The minimum 7, /N, that is required tosupportagiven bit rate depends, of course, cm the

modulation and coding schemes thatarc used.  This mimimum/7} /A is independent, however,

of the propertics of the antenna. *1 bus. st this pointinthe analysis itis convenient to focus atten-

tion on I, /N,. l.ater, the antenna (/7 is taliciunioe account through equat ion (3) in determining,
the minimum required power flux density.

In this report, consideration will be giv en tatwo different (but related) modulation schemes:
residual-carrier BI’SK and suppressed - carner 131 *SK. With both schen Its, cach binary symbolto
bc conveyed isimpressed upon the carricr by ashift in phase of cither plus or minus O radians,
depending, onwhether the symbol is alogica | cucorlogical zero. 1 f this O, the modulation in-
dex, lies within the range 0°< 0 <90, @1csidual carrier is present. The residual carrier is the
specular power at tbc carrier frequency th It is usedby 11 1e receiver for cal rier synchronization.
The power in this residua carricris ”,cos €.y Tiere P is the total signal power. * 1 'he  remainder
of the signal power, P, sin® O, lies intheinodulation sidebands. A judicious choice of the
modulation index is animportant par tof telemetry ink design, as it determines the allocation of
power to the residual carrier and the modutation sidebands. 1 @+ 900, no residual carrier is
present: the carrier is suppressed. 1 hemotinvation forsuppressing the carrier is that this allocates
all of the signal power to the message- cauying sidebands. eliminating, the inefficiency associated
with divert ing somec of the signal pow citous;ccular tesidual carricr.  With si~]>]>rcsscd-earlier
telemetry, carrier synchronization canbeaclicyed with a receiver that employs a Costas loop, a
kind of phase-lockccl loop that extractsiheCanier frequency and phase from the modulation
sidebands [2]. Ior all but the smidlesticlemet oy bitrates, suppressed-carrier telemetry is more
efficient than residual-camicr telemctiv. I arvay small bitrates, however, it turns out that a re-
sidual carrier with an optimized modulanion ind - is preferred.

Only onc coding scheme is considercdinihisreport: @ concatenation of a Reed-Solomon
(255, 233) code with a convolutional (k15.1-1/6) cdlis coding scheme is typical of the
kind used for deep space telemetry. ’




Telemetry will be successfullydeniodulinnted ana decodedifand only if two constraints
arc simultancously met. ‘T'here must be an adeqguate enerpy per bit to noise spectral density ratio
I, [N, Tor the demodulated bascband sy mlbols o, delivered to the decoders, and there must be an
adequate signal-lo-noise ratiointhc carlicr phase-lockedloop. ‘1 'he second constraint iS neces-
sary since cohcrent demodulation is uscd, which requires carrict synchronization. For the con-
catenated coding scheme considercd Liwwie. the firstconstraint will be met if

E, P sin’ 0

N, N

«

>0.3dB (4)

where R, is the information bitiratc.ndiy, is ancfficiency factor called "Radio 1,0ss”.
When this constraint is met, a Bit Frior Rate (13FR) of 1077 or better will be achicved. An 1),
that is less than 1ariscs when the carticr syncheonization is imperfect. Figure 2 plots 17, asa
function of phase crror variance o,” il the canl ic1 phase-locked loop for the case of residua car-
rier with a 21 1z loop bandwidth and £,:10 1y (Theny, cwmvefor other values of loop band-
width and R, arc numerical] y closc to thixanveandso arenot shown here)) The second con-
straint that must be met if telemetry isto busuccessful is

, 1020 4. Residual Carrier

b 5 . .
f 0.02 7047, Suppressed Carricr

()

(7¢P must be smaller for suppn essed cartier than for residual catrier because the loop that
tracks suppressed carrier, the Costas Joop, is susceptible to half. cycle slips.d The result of a half-
cycle dip is aninversion of the demodulatea synibol sticcam. The phase error variance of the car-
rier phase-Jocked loop generally has two conmponients.

I

o, - 1o (6)

{ . €
I
The first component is the resultol thermalnoise; p- is the signal-to-noisc ratio in the carrier
phase-locked loop. The second componentisihic result of” phase noisc onthe arriving  carrier;
0,’ is the contribution of this phasc noise 1o the phase erior variance.
The signal-to-noise ratio in the carnierphuse locked loop is given by
Iocos 0
P, N, B,
C 7
o (7)

. Suppressed Carrier
N.B,

,  Residual Carrier

{

where B, is the bandwidth ol the Joopaiingis the "Squaring J.oss" of a Costas loop,
whi chisgiven by

2(1./N,)

1Dl N) ®)

L VAR




The energy per symbol to noise spectialder ity ratio 5, /N, is defined by

where r isthe codcrate.
The cent ribution of phase noise 1o phas. error variance depends on the quality of the 0S-
cillator. I'or em-way transmission, the ore-sid. d power spectral density of the phase noise S, ()
typically varies as
S

i

ST (1 o)

f

in the vicinity of 1 hertz, wheire fisthe r'onier frequency. S, (1) isrelated to the measured
number of dBe/ll7 at 117 offscet from canicr.denotedhere 7, (1).°

Sy 20 "

The 0,”that results from phase noise with S, (f) of the form givenin equation (1 O) is, for a

sccond-order standard underdamped phase -lockedloop,
NG
o - (12)
I

Ior oscillators with a lot of phascnoi~¢ itisnecessary to increase the 3, of the receiver in
order tokeepo,” at anacceptable level  Forthe thice oscillators under consideration in this re-
por, the key paramcters arc listed in ‘1 ublv s 1 neluded within this table isthe recommended B,
and theresulting 0,,% Tor two-way transmission, the downlink phase noise is dominated by

thermal noisc that originates in the spaceciaft tomsponder. In this case, 0, is approximately

o - L. (13)
I
where the transponder frequency turn around ratio ¢, = 880/749 for X-band up and down.
p, is the signal-to-noise ratio in the transponde phase-locked loop. 11s value varies widely from
onc mission scenario to another. In thas 1¢pata consarvative value of 15 dB3 will be assumed for

pr-

1 I, 0.
USo A5 dbtlz | 05tz | 0.002 rad’
SDST Aux Osc | -20dbitlz | 2 Hz 0.044 rad’
Cassini Aux Osc | -13 dBc/t )z 5 Hz 0.035 rad’

Table 3: Paramciers Related to Qscillators

I'igure 3 plots the minimum 1cauhed/’ 2w that just satisfies the two constraints that arc
summarized by inequalities (4) and(5) 1 oica. hof the oscillators o [ Table 3, therc isonce curve



representing telem etry performanceforone-way . residual-carrier transmission with that oscilla-
tor as the source of the downlink caricr. 1 adihition, there is a curve for lwo-way  coherent, re-
sidual-carrier transmission with p,=1 5di3. | ¢ label "RC" in the figure indicates residual car-
rier. There isalso one Curve for o1 It -\\ay, supp:essed carriet ("SC") telemetry with a 11SO_ The
residual carrier curves were gencratedin suchaway that at cach pointon a curve, the opti mum
modulation index is employed. Inmoving te the right along once of these ew ves (in the direction
of larger R,), the (optimum) modulationindex:scontinuously increasing.  For sufficiently large
R,,1he four resi(iual-carrier curves coalesce, naning that telemetry performance becomes inde-
pendent of the oscillator phase noisc. Howvever. for thelow bit rates of interestin this report, te-
lemetry performance is a strong functionofthcauality of the oscillator. *1’able 4 lists the mini-
mum required 7. /N, for R, © 5, 10 and 2(bps.and Jubles lists the corresponding optimum
modulation index. I'or the betlet oscillator, the U SO, the optimum modulation index is larger
than for the poorer oscillators. | ‘orthe LISO. a o caler pereentage of the signs] power can be de-
voted 1o the modulation sidebands and ess 1o theresidual carrier because 1t has been possible to
usc asmaller B3, in the recciver.

Bit Rate, l SDST | Cassini | Two-Way

bps AuxOsc | AuxOsc | Coherent

11.6 dB-Hz | 16.5 dB-tiz | 19.3 dB-Hz | 12.7 dB-Hz
13.5dB-Hz | 17.3 dB3-Hiz | 19.6 dB-Hz | 14.5 dB-Hz
16.6 dB-H» | 18.7 dB3-1iz | 20.5 dB-Hz | 16.5 dB-Hz

Bit Rate, SDST | Cassini
bps Aux Osc ||Aux Osc | Coherent

55° | = 56

600 46°

Table 5 Optimunm Modulation Index

With residual-canicr tclemectiy,as R decr ciases the optimum modulation index decreases,
meaning a greater pereentage of the signalpovier is divertedto the residual carrier. This might
suggest that low bit rate telemetryisanides | candidate for suppressed-carrier transmission.
ironically, justthereverseis truc. Atlow biti ates the constraint expressed by incquality (5),
which concerns the quality of phasc-lock i nthe carrier synchronization circuit, becomes the
dominant consideration. in other words.iorlow bit rates it is easy to satisfy inequality (4), so
telemetry performance is dictated by whatgocsoninthe phfisc-locked loop. Unlike Costas
loops, residual-carrier phasc-locked 100D canotslip half-cycles and socan be operated with a
considerably larger (7¢?. Figure 3 shows a curve for onc-way, suppressed - carrier transmissi on

with a USO. For one-way {transmission withaUSO, residual carrier offers better performance




than suppressed carrier for R, < 60bps. Fart hieother oscillators, the bit rate below  which resid-
ual carrier is betler occurs at bit rates thatare ofItheright side of Figute 3

The minimum required PFD is{ound | tom cguation (3) and Tables 2 and 4. The results arc
given in ‘1able 6.llachentryinthistéableconsistsof two numbers (bothin units of dBW/m 2):

the first for a70 m antenna and the sccotldlo1a34 m beam-waveguide antenna.

SDST Aux | Cassini Aux | Two-Way Co-

Osc | | Osc herent
-235.0 | -227.5 | -230.1/-222.6 .233.9/ -226.4
10 -233 1l -225 6| 200371 0216 | 2268 219 3| -23? 1/ -224.6
20 -231 0/ 223 5 -2’7 !/ 9 /- 2)(1 4 1-226.11-218.6 | -230.1 / -222.6

ot

Table 6: Minimum Reqlur(-,d Power FHux Density | dBW/m? (70 m / 34 m)

Iigure Captions
Figure 11 Block-V Recciver
Figure 2: Radio1,0ss

Figure 3: Minimum Required 75 /N, @s o Function of Bit Rate

TEST REsuLTS
At this time, only preliminary testresulisare @vailable. Final results will be added prior to
submission of the paper.

CONCLUSION

1 )esigners of future deep spacenissions st be cog nizantof the fundamental limitations of
the 1ISN to receive very weak signals. Jhey st ensure adequate oscillator stability, ransmitter
power and antenna gain tomectthe minimuin1'1 D limits denotedin *1’able 6. If they plan to use
auxiliary oscillators in the weak siglmlrc;:imc.”wymusl be ablcto adjust the modulation index
to thelevels shownin *1'able 5 to ensutc optina perfor mance.

Somewhat higher performance thaiislhow i Table 6 is possible by arraying multiple anten-
nas. 1 lowever, current plans committoarraving only at the Goldstone complex, and even there
arraying should be uscd only on ancexcepuor al basis to minimize resource conflicts between
missions.
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